Land use for energy development is a necessary component of human land use that is prevalent on many landscapes globally. To date, energy demands have primarily been met through the burning of fossil fuels and biofuels in both first and third world countries. Recently new forms of energy development such as wind, solar and geothermal have increased prevalence to meet the ever growing energy demands. In the U.S., energy demands are still primarily met through coal, oil, and gas extraction as well as wind energy in the Midwest and Intermountain West regions. Oil, gas, and wind energy infrastructure is often built at high densities within the Midwest and Intermountain west; and has been attributed to population declines of local wildlife. Due to the considerable overlap in species distribution with oil, gas, and wind energy development, grouse species of the Tympanuchus and Centrocercus genera have particularly impacted. Impacts include disruption to the acoustic environment that they rely on for communication fidelity, reduced brood, hen and nest survival, and reduced lek attendance. In addition, the vast network of energy infrastructure comprised of roads, power lines, turbines, and pump jacks has increased local fragmentation and habitat loss for all grouse species. As energy demands continue to increase, and with multiple species of grouse nominated for listing under provisions of the Endangered Species Act, negative impacts to grouse attributed to energy development are likely to continue across much of the continental U.S. In this work, we summarize key findings of previous research by; identifying areas of spatial overlap between energy development and grouse habitat, describing the observed direct and indirect impacts that energy development has on grouse and identifying knowledge gaps to be addressed in future research.
INTRODUCTION
Prairie-grouse and sage-grouse are iconic fauna of grassland and rangeland landscapes, and include Lesser Prairie-Chicken (Tympanuchus pallidicinctus), Greater Prairie-Chicken (Tympanuchus cupido), Sharp -tailed Grouse (Tympanuchus phasianellus), Attwater's Prairie-Chicken (Tympanuchus cupido attwateri), Gunnison Sage-Grouse (Centrocercus minimus), Greater Sage-Grouse (Centrocercus urophasianus) and the now extinct Heath-hen (Tympanuchus cupido cupido). Currently these species, and several subspecies, occupy ranges which extend from Canadian territories in the north to the Texas Gulf Coast, and from California to the Canadian east coast. (Figure 1 ) [1; 2] . Prairie-grouse and sage-grouse (collectively referred to hereafter as grouse) have large home range requirements and are sensitive to anthropogenic disturbance, qualities which make them an umbrella and indicator species for rangeland management and conservation [3; 4] .
Numerous species of grouse have been petitioned for listing under the Endangered Species Act (ESA) due to range and population declines over the last century. Currently, the Centrocercus minimus is listed as 'Threatened' under provisions of the ESA [5] . Similarly, the Tympanuchus cupido attwateri is listed as 'Endangered' under provisions of the ESA, and a recovery plan focused on the survival of the T. attwateri and conservation of its habitat is in place [6] . Both sage-grouse and the Lesser Prairie-Chicken are also imperiled, and have each been nominated multiple times for ESA listing. However, listing attempts for these species have not garnered the same level of support; e.g., in July of 2016, the T. pallidicinctus was delisted from 'Threatened' by the USFWS [7] . Also, in September 2015, the 8 th attempt to list the C.
urophasianus under provisions of the ESA resulted in a "Not Warranted" ruling, which was a reversal of the previous "Warranted but Precluded" ruling [8] .
A major contributor to the near ubiquitous decline in grouse abundance is anthropogenic land use negatively affecting the availability, quality and distribution of large native rangelands [3; 9; 10] . One particularly intensive human land use that threatens vast tracts of native grassland is high intensity development for oil, gas, and wind energy resources [11; 12]. Petroleum and natural gas extraction are large contributors to U.S. energy consumption, and because of this, there is a constant trade-off between intense land activities such as petroleum extraction (369,000-2,114,000 ha/ exajoule/year), natural gas extraction (150-880 ha/ exajoule/year) and wildlife conservation [11] . In addition, as renewable energy begins to cement itself as a relevant energy contributor, use of renewable resources, like wind, are expected to increase in capacity by 2025 [13] . With the large amount of development taking place in the coming decade, grouse species are likely to be further impacted by energy development across much of their core distribution. This review aims to address the potential conflicts derived from the spatial overlap between grouse ranges and energy development in the U.S., as well as the relevant knowledge gaps and the need for further scientific investigation.
Figure 1:Distr ibution map for common gr ouse species in N. America. Species distribution for nearly all grouse in N. America has been reduced in the past century. Land alteration and degradation has reduced the availability of habitat outside of grouse distributions, and reduced the suitability of habitat within distributions.
- were theses or dissertations (in situations where a thesis or dissertation preceded the publication of a peerreview paper we censored the thesis or dissertation in favor of using the peer-reviewed paper citation, however we retain the thesis or dissertation in our count statistics), 2 (1.9%) were related news articles and 3 (2.8%) were interactive webpages.
We performed two additional searches using Google Scholar in November of 2015 and April 2018, independent of reviewed literature, to compare the temporal distribution of relevant publications for prairie-grouse and sage-grouse ( Figure 2 ). Search one used the key word "Sage-Grouse" and search two used the key word "Prairie-Grouse". Each search is a temporal distribution of the 100 most relevant publications provided by Google Scholar. The resulting distributions follow a similar pattern for each search with a gradual build up from 1950 until 2010 where it peaks, followed by a sharp drop off through 2018 ( Figure 2 ).
Figure 2:
Results fr om additional sear ch on Google Scholar compar ing r elevant r esults fr om key wor ds "Sage-Grouse" and "Prairie-Grouse". Both searches returned similar distribution of publications per decade with a gradual increase from 1900 -2010 where the peak occurred. The sharp drop in publications following the peak in 2010 is likely due to search year (2018) and not a decrease in research effort.
Of our reviewed literature, 46 (43.3%) studies observed the relationship between grouse species and energy development. These publications were key in developing our summary of energy development influences on grouse. Since wind, oil and gas resources are the most abundant energy resources in grouse ranges, we focused our literature search on these energy resources. Of our reviewed literature, C. urophanasianus had the most research involving oil and gas (13/27; 48.1%), while T. cupido had the most research involving wind energy (10/19; 52.6%) (Figure 4 ). (Figure 3 ). Number of publications used in this review, compared by species and energy resource. Centrocercus urophanasianus had the greatest number of publications involving any type of energy development, as well as the greatest number of publications involving oil and gas development specifically. Tympanuchus cupido had the greatest number of publications involving wind energy development. High quality prairie-grouse habitat is characterized by heterogeneous grasslands dominated by warm season grasses with visual obstruction readings between 4-8 [25; 26; 27] . For prairie-grouse, these conditions are most commonly associated with grasslands of the Midwest and Central Plains, which are typified by highly abundant grass and forb species with minimal forest cover [27; 28; 29; 30] . Sage-grouse occupy similar habitat to their prairie-grouse relatives, but vegetative composition within their range is heavily dominated by sagebrush (A rtemisia spp.) [3; 18; 31; 32] . It is likely that this vegetative dominance plays an integral role in the habitat selection process for sage-grouse, as they have been observed to have stronger selection toward sagebrush vegetation than other landscape features [3; 31; 32] .
In addition to vegetative characteristics, sagegrouse have been observed to select for gentle topography (<10% slope) [31; 32] , and prairie-grouse have been observed to utilize areas with low vegetation and high elevation, relative to the surrounding landscape, such as ridgelines [27; 33; 34] . Additionally, patch size and time since disturbance by fire has been observed to play a significant role in grouse population persistence, with research indicating ideal, highquality grassland patch size to be between 65 -165 ha [10; 29; 35] .
WHERE IS ENERGY DEVELOPMENT OCCUR-ING?
Energy development in the U.S. has expanded over the last 20 years. Since 2000, the U.S. has become more energy efficient, created new sources of energy and increased domestic production from already identified sources. As a result of these improvements, domestic energy development infrastructure has expanded by adding roads, transmission lines, pipelines, wind turbines, solar panels, hydro dams, oil and gas pumps and other infrastructure associated with energy development [14] . The increase in energy demand has led to over 76,900,000 ha of land leased for energy development across the U.S. [11] . Of that land, 21.3% (16,389,047 ha) is located within rangeland landscapes of the U.S.
[11].
Since 2000, wind energy production has been pushed to become a more significant contributor to U.S. energy production. Estimates of wind energy for the U.S. were around 167 million MWh in 2013, which accounts for nearly 5% of total electricity generation in the U.S.
[13], and accounts for over 200,000 ha of energy land leases in rangeland landscapes [11] . As of 2014, mid-western states like Kansas, Colorado, North Dakota, Minnesota and Wyoming have an installed wind capacity of 1,000 -5,000 MW [36] . Due to the natural abundance of wind, infrastructure can be developed within currently or previously developed or impacted sites such as mines, agricultural fields and cities making it a high potential energy source [14] .
Records show that 122,496 federal oil and gas drilling applications were filed from 1929-2004 in the Western U.S [37] , with a large portion of U.S. oil and natural gas reserves residing in five geologic basins: Greater Green River, Montana Thrust Belt, ParadoxSan Juan, Powder River and Uinta Piceance [38] . Overall, annual oil and gas land use in the U.S. has been found to range between 519 -2,994 ha/exajoule/ yr and accounts for >60% of land leased for energy development in rangeland systems (9,971,273 ha) [11; 17] .
OVERLAP
Currently, much of the suitable grouse habitat and developed energy resources are located west of the Mississippi River, and are competing land uses. Unsurprisingly, given the co-location of both land uses, grouse habitat completely overlaps regions with moderate-very high amounts of wind energy development ( Figure 5) 
Similar overlap is observed between grouse ranges and the fossil fuel-rich geologic basins of the Midwest and Intermountain west ( Figure 6 ) [24; 38; 45; 46; 47] . Of particular concern, is the Powder River Basin situated within the Wyoming Basin, which contains about 25% of the sage-grouse within the species range [37] . The Powder River Basin is important to sage-grouse populations due to its high density of sage-grouse leks, and its role as a geographic bridge between populations in Wyoming, South Dakota and Montana [31] . The co-location of grouse habitat and oil and gas rich geologic basins has resulted in thousands of hectares of grouse habitat being overlapped by high density oil and gas development, which typically occurs in valleys or flats at relatively low elevation [46; 47] . Overall, much of the remaining suitable grouse habitat is heavily overlapped by wind, oil and gas development. This overlap has led to landscape scale changes resulting in the degradation of rangeland ecosystems [12; 29; 35; 48] . Competition between these land uses has resulted in grouse species receiving significant direct and indirect impacts to their populations and ranges [18; 44; 47; 49]. Grouse breeding seasons can be broken into three phases: lekking, nesting, and brood rearing [54] . As a lekking species, male grouse congregate in open areas to perform courtship displays involving whooping, booming, cackling, fighting and a multitude of other behaviors in order to draw female attention [33; 44; 58] . Since both suitable lek habitat and maximum wind energy generation are characterized by high elevation and low vegetation areas, there is constant competition between land uses [15; 27; 44] . The competition between the two land uses has fueled multiple investigations into the impact of wind energy infrastructure on lek activities. Results from these studies indicate a negative trend between lek persistence and to distance to wind turbine [4] , changes in male vocalization and behavioral tendencies [58] , and an increased risk of reduced lek attendance [15] . Similarly, oil and gas development has been observed to have a negative effect on both sage-grouse and prairie-grouse lekking activity by decreasing lek attendance by 29% -73% [59; 60] , decreasing male populations by 61% [48] , and increasing lek avoidance [61] . These trends suggest grouse avoid occupying energy development areas and indicate a direct loss of potential lekking habitat for grouse. As most grouse nest within 5km of a lek, proximity to structure also has implications for the availability of nesting habitat [62] .
For female grouse, the lekking phase concludes once copulation with a male has occurred, which is followed by transitioning into the nesting phase [54] . Nests are often placed in tall native grasses, or within sagebrush [3; 32; 53; 56; 63; 64] . Vegetation height and visual obstruction (VOR) have been found to be important for nest survival of multiple grouse species, including T. cupido, T. pallidicinctus and C. urophanasianus [3; 26; 56; 63; 65; 66; 67] . Tall vegetation is often selected for at nest sites putatively to conceal the hen and her eggs from predators during this vulnerable reproductive period [3; 26; 67] . While there are a multitude of factors influencing female space use during the nesting phase, studies have generally found that the most consistent indicator of female T. cupido space use to be proximity to lek sites [27; 35; 67] . Following this finding, it is reasonable to suggest nesting habitat suitability can be assessed directly through the condition of nearby leks [4; 62] , as nests and leks are generally located within 1km-5km of each other [18; 33; 44] .
The close proximity of leks and nests has resulted in nests being subjected to many of the same impacts of energy development that leks are; impacts such as decreased nest success when in close proximity to energy development [3; 26] . With multiple studies finding vegetative characteristics to be the most important factor influencing nest success [3; 26; 56; 67] , landscape alteration and surface disturbance caused during construction activities is a primary driver of nesting habitat loss [68] . Both the negative trend between nest success and proximity to energy development as well as the associated surface disturbance from construction activities, suggests energy development has led to a direct loss of potential nesting habitat for grouse [3; 26] .
Following a successful nesting phase, females begin brood rearing [54] . While nesting season requires dense, tall, and thick vegetation for visual protection, grouse select for less dense areas of vegetation with a greater forb content when rearing broods [28; 50; 53; 63] . These habitat characteristics provide a greater supply of arthropods for feeding, and easier terrain for the brood to move through [26; 51]. In   ------------------------------------------------------- 
PLACEMENT OF ENERGY INFRASTRUC-TURE
With energy demand expected to increase every year, energy developers will be adding additional infrastructure to increase energy production [14] . Production of wind, oil, and gas resources requires the use of wind turbines, pump jacks, access roads, transmission lines, pipeline, and other infrastructure, all of which are likely to be placed where developers can maximize the production of energy resources, regardless of competing land uses or wildlife needs. In addition, to meet energy demands, manufacturing sectors are continually modifying infrastructure components to maximize their potential and efficiency, a trend that can be seen in the continually increasing height of wind turbines; a modification which has been positively correlated with increased fatality for bats, but lower overall avian collision mortality [13] .
To make use of the extracted and harnessed energy, developers have to transport the energy from centralized collection locations. Transport of oil and gas is typically done using linear infrastructure components, such as roads and pipelines, which create vast networks of continual resource transport across the landscape [14; 26]. Similarly to get energy to consumers, wind energy is converted to electricity and transported through networks of high voltage transmission and distribution lines.
HOW MUCH DIRECT LOSS OF HABITAT?
In our assessment, direct loss of grouse habitat can be equated to the area of potentially suitable habitat lost due to surface disturbance of energy infrastructure. Studies of the influence of energy development on C. urophanasianus have estimated direct habitat loss to occur within a 62 m radius from affected leks [69] . This estimate coupled with the observed dependency on vegetative composition, density and height [3; 26; 56; 67] , and the significant overlap between energy development and grouse ranges [4; 24; 38] , allows us to estimate that there have been thousands of hectares of viable grouse habitat directly lost to energy development. [71; 73; 74; 75; 76; 77] . This threat of predation has been seen to cause an increase in physiological stress, which has been observed to lead to reduced fecundity and fitness [4; 78] . Estimates of effect size suggest grouse species avoid visible structures by 100 -1000 m [70] .
INDIRECT LOSS OF HABITAT DUE TO AVOIDANCE AND FRAGMENTATION
In addition to avoiding tall visible structures, grouse have been found to avoid areas louder than surrounding ambient conditions, and areas with variable soundscapes [60; 61; 79] ; a finding which is mirrored in other avian species surrounded by energy development [80; 81] . Typical sources of increased and variable noise in grassland landscapes are roads, wind turbines, oil and gas compressors, and oil and gas construction [3; 58; 61; 79; 80; 81; 82] ; sources which are abundant across much of the area grouse occupy. Intermittent and chronic noise from wind, oil and gas development have all been found to negatively impact grouse by causing lek avoidance, acoustical masking, ------------------------------------------------------- 
FRAGMENTATION
Habitat fragmentation is the process of spatially separating a portion of habitat into smaller pieces. Tallgrass prairie and sagebrush have been labeled as some of the most fragmented ecosystems in North America [29; 55; 67] . Fragmentation across these landscapes is an issue for grouse species because of their need for diverse vegetation, increased predation from edge species and limited effective population size [84; 85; 86] . In order to sustain populations, grouse must successfully complete all three reproductive phases: lekking, nesting and brood rearing [54] . Ideal habitat characteristics vary during each of these phases; lekking requires less dense vegetation with minimal acoustic obstruction [33] , nesting benefits from increased visual obstruction [3] , and brood rearing is most successful in areas abundant with forbs and insects [50; 53] . As patch size decreases, the likelihood of quality habitat for each reproductive phase existing within the patch, is also likely to decrease [87] .
Fragmentation also affects predator-prey relationships, as a positive relationship has been observed between fragmentation and the amount of edge habitat [88] . Many grouse predators such as raptors, coyotes, skunks and badgers thrive in fragmented habitats [88] , and have a similar avoidance response to anthropogenic disturbance [12] . The increased availability of edge habitat and the avoidance of energy development has been observed to increase grouse mortality, increase nest predation, and increase brood mortality [12; 49; 74] .
Additionally, geographic isolation due to habitat fragmentation has resulted in increased genetic drift of C. urophanasianus populations [89] , and bottlenecking has resulted in ~25% hatch failure rates for avian species [90] . Both of these population processes are driven by fragmentation of grassland landscapes, and have contributed to significant declines in effective population size among some grouse species [84] .
It is difficult to estimate a numeric amount of habitat affected by indirect sources, but we can observe the magnitude of indirect impacts on grouse. For grouse species, indirect loss of habitat is being driven by avoidance behaviors associated with anthropogenic development [57; 91] . Avoidance behaviors coupled with the vast network of anthropogenic features across grouse home ranges, has resulted in fragmentation affecting nearly all grouse species [3; 84; 89] . With research indicating fragmentation is causing severe negative impacts to grouse populations, it can be inferred that nearly all grouse habitat has been and will continue to be indirectly impacted by energy development.
KNOWLEDGE GAPS AND CHALLENGES FOR THE FUTURE KNOWLEDGE GAPS
Some of the best long-term data existing for grouse, comes in the form of annual management agency lek count datasets. However, lek counts are not collected specifically to evaluate population level impacts of energy development and so are not sufficient to track energy impacts on grouse [57; Personal experience A . Gregory] . Most of the research investigating the influence of energy development on grouse species has come since the early 2000's. In this short time, much progress has been made toward quantifying the influence of energy development on grouse; however, there is currently a lack of any long-term longitudinal studies of the impacts of energy development on grouse. Given the well-known 4-8 year periodicity associated with some lek count data sets, long-term longitudinal studies assessing the impacts of energy on grouse are much needed [92] .
Impacts from climate change are another area with little actual data. Average global temperature is increasing and could lead to negative results for grouse populations due to their thermal sensitivity [93; 94] . Thermal activity in nesting T. pallidicinctus has shown a negative correlation between nest success and nest temperatures [93; 94] . Grouse nests were observed to be 4-6 C° cooler than surrounding landscape   ------------------------------------------------------- temperatures, but maintaining the temperature differential required constant effort by the female [93; 94] . As energy development increases, large densities of energy development may increase landscape temperatures due to the addition of heat sinks, which has been associated with negative impact on nest placement and success for some grouse populations [94] .
Climate change in conjunction with human land use is expected to result in a 9.0% -21.0% decline in habitat abundance and a 3.0% -30.0% reduction in habitat quality for T. cupido [Gregory et al. unpublished data] . Climate prediction models have been developed to emulate future climate scenarios, with many showing negative impacts to grouse habitat [95; 96] . While not a species found in North America, climate models predicting increased CO 2 emissions expect a decrease in habitat quality and quantity for the Chinese Grouse (Tetrastes sewerzoi) [95] , an impact that would likely decimate North American grouse species. Another model predicted an increase in bare ground and decrease in shrub and sagebrush litter resulting in an 11.6% loss of sage-grouse habitat by 2050 [96] . While these are predictive models of the future and not current conditions, they provide useful information for developing precautionary conservation and management goals.
CHALLENGES
With energy demand expected to increase annually, increases in energy development are likely to occur [14; 97] . For the past 50 years, increasing energy demands have been primarily met by using fossil fuels, and current information suggests that this trend will continue [14] . From 1929 From -2004 , over 120,000 drilling applications were filed to federal agencies with <2% rejected or withdrawn [37] , and natural gas production has risen by over 20% since 1990 [14] . As a supplement to oil and gas, wind energy has experienced a 23 -fold increase since 2000 [14] , and projections estimate our current wind energy capacity of 62.3 GW will increase to 80-114 GW by 2025 [13] . Additionally, the U.S. Department of Energy has set a goal to satisfy 20% of the energy demand using domestic wind resources by the year 2030 [13; 15]. While wind energy has been labeled as a 'green energy source', in 2030, its expected land requirement of 72.1 ha/TW will be 53.5 ha/TW greater than natural gas, and 27.4 ha/TW greater than oil [14] .
Challenging tradeoffs arise when trying to balance the increase in energy production with conservation of wildlife habitat. Private and government organizations such as the Western Association of Fish and Wildlife Agencies (WAFWA), Fish and Wildlife Service (FWS) and the state of Wyoming are researching scenarios that result in the highest quality potential habitat for grouse, and recommending research backed management plans based on their findings [57; 71; 79; 98; 99] . Tools developed for habitat conservation like the Crucial Habitat Assessment Tool (CHAT), which uses offset mitigation, are giving state and federal agencies the ability to locate the highest quality, potential habitat based on the defined needs of the species being conserved (WAFWA.org). Tools like CHAT are advantageous for maximizing the quantity of high quality habitat while minimizing the constraints placed on the energy industry (WAFWA.org). Use of before-and-after controlled-impact (BACI) designed studies applied at the appropriate scale will offer insight into the influences brought on by energy development and enhance the ability to extrapolate findings across study systems [17; 88; 100; 101].
An additional method to minimize habitat conservation and energy development conflicts is to develop contemporary regulatory mechanisms. Mitigating the influence of sound through noise muffling components could increase lek attendance, avian communication fidelity, nesting success, and potential habitat for many grouse species including T. pallidicinctuss, T. cupido, C. minimus and C. urophanasianus [18; 102; 103; 104] . Regulations on development proximity and development density could reduce negative population trends in grouse, reduce noise exposure to maintain nesting habitat, decrease nest failure, decrease brood mortality and increase space use [4; 17; 26; 27; 32; 57; 69; 83] . As more knowledge gaps are addressed, regulatory policies should be revised to most effectively mitigate the influence of energy development on wildlife.
- ------------------------------------------------------ Intense energy development has created an omnipresent anthropogenic influence across rangelands [69; 81] . Direct influences have removed thousands of hectares of potentially viable grouse habitat through large scale surface disturbance caused from the development of energy resources. Indirect influences from energy development have resulted in fragmented and degraded landscapes, resulting in behavioral and reproductive impacts to multiple grouse species [3; 49; 60; 70; 79; 82; 89; 90; 106] . Increased domestic energy production has spurred increased research on the impacts of energy development on grouse over the last few decades. As energy demands and development are expected to increase, it will be important to address knowledge gaps in order to further our understanding of how grouse respond to and utilize their surroundings. Future success of grouse species will likely be dependent on the ability of mitigation and conservation strategies to incorporate both energy development and habitat conservation into their core agenda.
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